Abstract. The present study examines the phosphate adsorption potential and behavior of mixture of Ground Burnt Patties (GBP), a solid waste generated from cooking fuel used in earthen stoves and Red Soil (RS), a natural substance in fixed bed column mode operation. The characterization of adsorbent was done by Proton Induced X-ray Emission (PIXE), and Proton Induced γ-ray Emission (PIGE) methods. The FTIR spectroscopy of spent adsorbent reveals the presence of absorbance peak at 1127 cm -1 which appears due to P = O stretching, thus confirming phosphate adsorption. The effects of bed height (10, 15 and 20 cm), flow rate (2.5, 5 and 7.5 mL/min) and initial phosphate concentration (5 and 15 mg/L) on breakthrough curves were explored. Both the breakthrough and exhaustion time increased with increase in bed depth, decrease in flow rate and influent concentration. Thomas model, Yoon-Nelson model and Modified Dose Response model were used to fit the column adsorption data using nonlinear regression analysis while Bed Depth Service Time model followed linear regression analysis under different experimental condition to evaluate model parameters that are useful in scale up of the process. The values of correlation coefficient (R 2 ) and the Sum of Square Error (SSE) revealed the Modified Dose Response model as the best fitted model to the experimental data. The adsorbent mixture responded effectively to the desorption and reusability experiment. The results of this finding advocated that mixture of GBP and RS can be used as a low cost, highly efficient adsorbent for phosphate removal from aqueous solution.
Introduction
Phosphorus is an essential chemical element, widely used in many industrial, agricultural, environmental and household applications. It naturally exists in the form of phosphate, which is a vital nutrient for the growth of plants, animals and microorganisms in most of the ecosystems. Due to its low concentration occurrence in the environment, it usually serves as the limiting nutrient Corresponding author, Assistant Professor, E-mail: rrdash@iitbbs.ac.in a M.Tech., E-mail: prr10@iitbbs.ac.in b Ph.D., E-mail: pbhunia@iitbbs.ac.in initial phosphate concentration, on breakthrough curves were examined. The experimental data were validated by various extensively used column adsorption models like bed-depth service time (BDST), Thomas Model, Yoon-Nelson Model (Y-N Model) and Modified Dose Response Model (MDR Model). The adequacy of the models was evaluated by calculating the percentage errors between the experimental and predicted values. The performance of the fixed bed column in treating phosphate containing real wastewater was also assessed. Regeneration study was undertaken to explore reusability of the adsorbents.
Materials and methods

Adsorbent
GBP were collected from different waste disposal sites of Bhubaneswar city, and RS was collected from the Balibagada village area in Ganjam district of Odisha, India. Both the adsorbents were washed several times with distilled water to remove surface adhered particles, soluble materials and dried in hot-air oven at 100°C for overnight. Subsequently the adsorbents were grounded, sieved and particle sizes of less than 0.3 mm were used as adsorbents in the adsorption study. The properties and average chemical composition of both the material were given in Table 1 . For the composition analysis of GBP and RS, highly sensitive multi component analytical methods like Proton Induced X-ray Emission (PIXE) and Proton Induced γ-ray Emission (PIGE) were used.
Adsorbate
Phosphate stock solution of 1000 mg L -1 was prepared by dissolving 4.388 g of analytical grade anhydrous potassium dihydrogen phosphate (KH 2 PO 4 ) in 1 L distilled water. The stock solution was further diluted to get the desired concentrations of experimental working solution. This synthetic phosphate solution was used for optimizing different adsorption parameters in column studies.
Analytical methods
The chemical compositions of the adsorbents were analyzed with the help of Proton Induced γ-ray Emission (PIGE) and Proton Induced X-ray Emission (PIXE). Measurements were carried out using the 2 MeV proton beam obtained from 3 MV Tandem pelletron accelerator. In order to get better resolution and clarity of results, PIXE was done for analysis of elements with atomic number as low as 12 (low Z elements) and PIGE was done for analysis of high Z elements following the method as described by Kennedy et al. (1999) . The specific surface area of the adsorbents determined by the BET nitrogen gas sorption method using a specific surface area analyzer (Gemini2360, Micromeritics, USA). pH zpc of the adsorbents were measured following pH drift method (Ioannou et al. 2013) .
Vanado molybdo phosphoric acid method (4500-P) was followed to analyze phosphate according to standard methods for the examination of water and wastewater (APHA 2005) . Vanadate-molybdate reagent of 1 mL and 0.5 mL of distilled water were added to 3.5 mL of filtered sample. The mixed solution was analyzed after 10 min with a Perkin Elmer Lambda-25 UV/VIS spectrophotometer at the detection wavelength of 470 nm. pH zpc of the adsorbent was measured following pH drift method (Ioannou et al. 2013 ).
FTIR studies
Infrared spectra of pure and phosphate adsorbed adsorbents were obtained using a Bruker ALPHA-FTIR Spectrophotometer. Samples were prepared in KBr disks (2 mg sample in 200 mg KBr). The scanning range was 500-4000 cm -1 and the resolution was 2 cm -1 with a scanning rate of 16. Spectra of both the adsorbents before and after phosphate adsorption were recorded.
Fixed bed column studies
A column having an inner diameter of 4.5 cm and height 50 cm, made up of the transparent polyacrylic sheet was used in this study. It has openings at different bed heights of 10, 15 and 20 cm for collection of samples At the bottom of the column a polyacrylic sieve was attached followed by glass wool to provide support and to prevent the loss of adsorbent materials. The column was filled with the adsorbents and the bed was washed by passing distilled water through it. The phosphate removal studies were conducted in the down flow column reactor with synthetic phosphate solutions of different concentrations (5 and 15 mg L -1 ) and varying velocities (1.5, 3 and 4.5 mL min -1 ) in a continuous mode using a peristaltic pump (Miclins VSP-200-2C). Neutral pH and 25 ± 2°C temperatures was maintained for the influent solution. Periodic monitoring and data collection was carried out at regular interval of 1 h to obtain the breakthrough time, breakthrough curve, exhaustion curve, etc., which ultimately determine the operation and dynamic response of the adsorption column. The breakthrough time (t b ) in this study represents the time corresponding to 93.5% removal of phosphates (80.5% for initial Phosphate concentration of 5 mg/L), i.e., effluent phosphate concentration less than 1 mg/L whereas, exhaust time (t e ) signifies the time matching to 5% removal of phosphate.
Analysis of column design parameters
The data obtained from column studies was used to get the breakthrough curve by plotting C t /C 0 (the ratio of effluent and influent phosphate concentration) vs. time (t). The quantity of total phosphate adsorbed in the column (q total ) is calculated from the area under the breakthrough curve by using the following formula (Chen et al. 2012) 
where Q is the volumetric flow rate (L/h) and C r = C 0 -C t , is the phosphate removal (mg/L) concentration.
The equilibrium phosphate uptake capacity of the column, q eq (mg/g), is calculated as the following
where m is the weight of the adsorbent in the column (g). The total amount of phosphate entering the column (P total ) can be found out with the help of the equation given below 1000 0 e total Qt C P 
where t e = exhaustion time (h). The removal percentage of phosphate (R) can be achieved through the following equation
The mass transfer zone (MTZ), which is the length of the adsorption zone in the column, indicates the efficiency in the use of adsorbents in the column. MTZ (cm) can be calculated as follows (Adak et al. 2006 )
where, L = length of the adsorbent in the column (cm) and t b = breakthrough time (h). The time required for the MTZ to move the length of its own height up/down the column is represented by t z and can be calculated as mentioned in the equation below
where, V e = Qt e , total effluent volume up to exhaustion time (L) and V e = Qt b , total effluent volume up to breakthrough time (L). The rate at which MTZ is moving up/down through the adsorbent bed is denoted by U z (cm/h) and can be expressed as
The time of contact between the water phase and the adsorbent is termed as Empty Bed Contact Time (EBCT). EBCT (min) basically measures the critical depth and the contact time for an adsorbent. It can be calculated as per the following equation
where, V = adsorbent bed volume (mL). In case of a symmetric breakthrough curve, the time taken by the effluent concentration to reach half of the initial concentration is called stoichiometric time (t s ) (Cavas et al. 2011 ). The t s for unsymmetrical breakthrough curves can be calculated from Eq. 
Length of Unused Bed (LUB) is the length of the MTZ which remains unutilized even after the appearance of the exhaustion time of the bed. The LUB (cm) can be determined from the breakthrough curve according to the following equation (Chen et al. 2013) 
where, t s is the time at which C t / C 0 = 0.5 (for a symmetrical breakthrough curve).
Modelling of column adsorption data
Successful design of a fixed bed adsorption column necessitates the prediction of the concentration-time profile from the breakthrough curves. In order to envisage and analyze the dynamic behavior of phosphate adsorption onto the mixture of RS and GBP several models including BDST, Thomas, Yoon-Nelson and Modified dose-response models were applied to the experimental data. In order to find the best fit model, error analysis was done by considering the sum of the squares of the differences between the experimental data and the predicted data (data obtained by calculating from models). Sum of the Squares of Error (SSE) can be obtained as the following formula
where, (C t / C 0 ) c is the ratio of effluent and influent phosphate concentration obtained from the model calculation, (C t / C 0 ) e is the ratio of effluent and influent phosphate concentration obtained from the experiment and N is the total number of experimental point.
Results and discussion
Characterization of adsorbent
The highly sophisticated experimental techniques such as PIXE and PIGE are engaged in the precise determination of elemental composition of GBP as well as RS. The major basic constituents of the adsorbents are given in Table 1 . The presence of Al, Fe, Mg and CA-oxides are known to play an important role in phosphate removal (Yang et al. 2009 ). In spite of being the major component of both GBP and RS, the Si -oxide has a very insignificant role in phosphate removal (Johansson and Gustafsson 2000) . Phosphate ions react with Fe and Al-oxides by ligand exchange forming inner-sphere complexes whereas the presence of Mg and Ca ion facilitates phosphate removal via precipitation (Lindsay 1979 , Chen et al. 2007 , Chimenos et al. 2003 . The complete characterization of adsorbents and the adsorption process with the help of Fourier Transferred Infra-Red spectroscopy (FTIR), X-Ray Diffraction (XRD) and Scanning Electron Microscopy (SEM) have already been discussed in our published (Rout et al. 2014a, b) and unpublished works. 
FTIR studies
Adsorption process is highly influenced by the presence of different functional groups. To figure out the presence of P = O bonds in the spectra of adsorbent after phosphate adsorption, the FTIR study was undertaken. The adsorbents before and after adsorption were termed as GBP, RS and GBPT, RST respectively. The infrared spectra of both the adsorbents before and after adsorption are shown in the Fig. 1 , indicating the changes in the functional groups and surface properties of the adsorbents. The spectrum reveals the complex nature of the adsorbent process as evidenced by the presence of a large number of peaks. The infrared absorption between 1250 and 850 cm -1 corresponds to the stretching frequency region of phosphate species (Zheng et al. 2012 ). The absorption peaks as determined by e-FTIR software, around 1127, 1173.5 and 1199.36 cm -1 in case of GBPT and around 1054.23, 1,127, and 1143.45 cm -1 in case of RST indicate the participation of P = O entities in adsorption process, which is in agreement with the findings reported earlier (Elzinga and Sparks 2007) . As a consequence, the above mentioned peaks were not present before phosphorous exposure, indicating absence of these functionalities in native adsorbent like GBP and RS. Well established investigational results by past researchers revealed that the frequency at 1126 cm -1 is mainly due to adsorption of H 2 PO 4 -resulting in P = O stretch (Elzinga and Sparks 2007, Liana et al. 2010) . Thus, the frequency appearing at 1127 cm -1 in this study is possibly due to the P = O stretch as a result of adsorbed H 2 PO 4 -. The slight difference in our experimental value and other additional peaks in the frequency ranges may arise due to the presence of different mineral phases within the native adsorbents. The FTIR spectra of spent adsorbent revealed the presence of peaks corresponding to P = O stretch. Thereby confirming phosphate adsorption.
Fixed bed column studies
Preliminary experiments
Some of the flow through column experiments were performed prior to the main experiment to figure out the best alternative for phosphate removal. First of all both the adsorbents were taken separately in different columns with varying bed heights and the phosphorous removal ability of all the alternatives was explored. It was observed that, RS though efficient in phosphate removal, could aggregate in the water phase, decreasing hydraulic conductivity that ultimately leads to clogging of the bed in the long run. The observation is in agreement with the experimentally found properties of RS such as low porosity of bed, low specific yield and high retention time. On the other hand GBP columns, though equally potential in phosphate removal, gets saturated quickly due to comparatively high porosity in bed (74.48%), high specific yield (62.19%) and low retention capacity (12.29%) which eventually contribute to high hydraulic conductivity. In order to improve the permeability of the column, reduction of possible clogging problem, enhanced phosphate removal and for reducing the speed of attaining bed saturation time, the mixture of RS and GBP as adsorbents in fixed bed columns have been attempted. Different combinations (V/V) of RS and GBP such as 1:3, 1:5, 1:1, 2:3, 3:5 etc. were tested for the best feasible combination. During preliminary experiments, it was established that, out of multiple alternatives, the flow through column having 1:1 V/V combination of RS and GBP was capable of delivering consistent phosphate removal for longer duration of time maintaining good hydraulic conductivity. Therefore, this particular combination (1:1 (V/V) RS: GBP) of adsorbents mixture was used for the rest of the experiments.
Different column adsorption parameters on phosphate removal were examined. The fixed bed column adsorption experiments were performed at various bed depths, flow rates and influent Ct/C0
Fig. 2 Breakthrough curves from experiments ( ) and models ( ) at different bed heights (Q = 5 mL/min, C 0 = 15 mg/L) phosphate concentrations as discussed in the following paragraphs.
Effects of different bed heights
To investigate the effect of bed height on the breakthrough curve of the column adsorption process, bed heights were varied as 10, 15 and 20 cm with a constant flow rate of 5 mL/min and influent phosphate concentration of 15 mg/L. Fig. 2 shows the related breakthrough curves. It is clear from the figures that both the breakthrough and exhaustion times got extended from 13 to 21 to 27 h and 74 to 92 to 111 h, respectively, with increasing bed heights from 10 to 15 to 20 cm (Table 2) . Subsequently, the volume of phosphate solution treated at breakthrough point and exhaust point was largest (Table 2) for longer bed heights as compared to shorter ones. This point outs that, the smaller beds get saturated sooner than the longer beds. This might be due to the longer bed height allowing a longer contact time between the adsorbent and the adsorbate. Also, with increase in bed heights, amounts of adsorbent increases, thereby resulting in availability of more active surfaces for adsorption. In addition, the slope of the breakthrough curves became flatter with increasing bed heights, as a consequence an expanded mass transfer zone formation took place (Nur et al. 2013) . Therefore the columns with the longer adsorbent beds, apparently took a much longer time to reach complete exhaustion contributing to the higher service time of the beds.
Effects of different flow rates
The effect of flow rates on the breakthrough curve of the column adsorption process was assessed by varying the flow rates as 2.5, 5 and 7.5 mL/min while keeping the bed height 15 cm and initial phosphate concentration 15 mg/L. Fig. 3 shows that higher flow rate results in shorter column exhaustion time and steeper breakthrough curves. As the flow rate goes on increasing from 2.5 to 5 to 7.5 mL/min, the respective break through and exhaustion time follows the reverse order from 44 to 21 to 11 h and 138 to 92 to 76 h. The EBCT decreased (Table 2 ) with the increased in the flow rate. So at lower flow rates, more residence time leads to more adsorbate-adsorbent interaction and higher diffusion of phosphates onto the adsorbents utilizing the maximal portion of the adsorbent bed. Thus, exhibits more longevity in performance of the column bed. On the other hand, higher flow rate results in lower residence time and generates high turbulence. The combinatorial effects of the latter two factors lead to a weaker adsorbate-adsorbent interaction and disturbs the intraparticle mass transfer between the phosphate ion and the adsorbent (Zhao et al. 2014) . Hence saturation time decreases contributing to lesser longevity in column bed performance.
Effects of influent phosphate concentration
In order to investigate the effect of the influent phosphate concentration on the breakthrough curves, initial phosphate concentration was varied as 5 and 15 mg/L with constant flow rate of 5 mL/min and bed height of 15 cm. The resultant breakthrough curves are demonstrated in Fig. 4 . It is evident from the figure that, at lower influent phosphate concentrations, breakthrough curves were flatter and breakthrough occurred slower as compared to the case of higher influent concentration, where steeper breakthrough curves and faster bed saturation were observed. With the increase of influent phosphate concentration from 5 to 15 mg/L, the respective break through and exhaustion time decreases from 34 to 21 h and 139 to 92 h respectively. As a matter of fact the volume of phosphate solution treated at breakthrough point and exhaust point as shown in Table 2 (10.2 and 41.7 L) for 5 mg/L phosphate concentration were more than that of the respective volumes (6.3 and 27.6 L) of 15 mg/L phosphate concentrations. This can be explained on the basis that, intraparticle diffusion controls adsorption process, and diffusion process is concentration dependent. Therefore a change in concentration gradient affects the breakthrough time as well as saturation rate. Higher initial influent concentrations resulted in higher driving force to overcome the mass transfer resistance; therefore the adsorbent column achieved saturation more rapidly, resulting in quick exhaustion of the bed (Nur et al. 2013) . Whereas the lower initial concentration of phosphate caused slower diffusion of phosphate onto the adsorbent due to decreased mass transfer coefficient, thereby contributing to the lengthier exhaustion time of the column (Uddin et al. 2009 ).
Mechanism of phosphate removal
As discussed earlier in Section 3.1, phosphate removal occurs either via ligand exchange forming inner-sphere complexes or via precipitation. Hydrolysis of metal oxides generate metal cation and hydroxyl anion (OH -) as per the following equation.
The cationic species participates in phosphate up taking through electrostatic interaction, whereas the anionic species is used in inner-sphere ligand exchange mechanism. Similarly phosphate metal precipitation occurs as per the equation given below  a
Modelling of column adsorption data
Successful design of a fixed bed column adsorption process required accurate generation of breakthrough curves and prediction of concentration-time profile for the effluent. Kinetic models were essential to predict the dynamic behavior of fixed bed column adsorption process. In this study, to predict and analyze the process of phosphate adsorption onto a mixture of RS and GBP, used as adsorbents in a fixed-have not only been able to describe the breakthrough curves more accurately, but also provide bed column, four kinetic models, namely, BDST, Thomas, Yoon-Nelson (Y-N) and Modified Dose Response (MDR) models were applied to experimental data. The linear regression method was followed for BDST model, whereas non linear regression was opted for the other three models. These models important system parameters that can be utilized to scale-up fixed bed column adsorption processes. The co-efficient of correlation (R 2 ) and the sum of the squares of the errors (SSE) were used to describe the fit of the experimental and predicted data and to predict the best fit models.
Analysis of adsorption data by Bed Depth Service Time (BDST) model
BDST is the most basic and widely used model used to predict the column performance for any bed length, if data for some depths are known. BDST model constants can be used to scale up the height of the adsorption column beds for given inlet adsorbate concentration. The model constants are further helpful to scale up the process for other concentrations and flow rates without further experimental runs. The model is based on the supposition that the rate of adsorption is regulated by the surface interaction between the adsorbate and the unused adsorbent. The main design criteria focus on predicting the service time of the bed, where service time is nothing but the time taken by the adsorbent to remove a specific amount of adsorbate from the solution before the requirement of regeneration. The model states that, there exists a linear relationship between bed height (L) and service time (t) as given by Eq. (15): (Hutchins 1973 )
where, C 0 is the initial dye concentration (mg/L), C b is the breakthrough dye concentration (mg/L), U is the linear velocity (cm/h), t is the time (h) and L is the bed height (cm) of the column, N 0 is the adsorption capacity of the bed (mg/L), K α is the rate constant in BDST model (L/mg/h). A plot of t versus L yielded a linear relationship as shown in Fig. 5 . N 0 and K α were evaluated from the slope and intercept of the plot respectively. N 0 and K α values for breakthrough point and exhaustion point are 1.4, -0.67 and 3.7, 36.84 respectively.The bed capacity (N 0 ), mostly changes with time. With the increase in the bed depth, the residence time of the fluid inside the column increases, allowing the adsorbate molecules to adsorb more onto the adsorbent, thereby changing the bed capacity with the service time. K α basically signifies the rate of transfer of solutes from liquid phase to the solid phase. The larger the K α value more is the performance efficiency of the bed (Uddin et al. 2009 ). The higher value of K α (36.84) for exhaustion point straightforwardly indicates more service time for the same. Moreover, the R 2 value for breakthrough point (0.986) and for exhaustion point (0.999) indicate that the fixed column phosphate adsorption process is valid according to BDST model.
Analysis by Thomas Model
The maximum adsorption capacity of an adsorbent (q m ) is an unavoidable design parameter of an adsorbent column. Thomas model is one of the most general and widely used model to describe the adsorption process, the maximum solid phase concentration adsorbate on adsorbent and the adsorption rate constant in fixed bed column mode operation. The model is based on the following assumption: the rate driving force follows second-order reversible reaction kinetics, there is no axial dispersion and Langmuir kinetics of adsorption/desorption. This model can be used well, Table 3 . It is observed from Table 3 that the values of A increased with the increase of bed height, and influent phosphate concentration. Also, first increased followed by decreased with an increase in flow rate. Whereas the values of B decreased with increase in bed heights, increased with an 
Analysis by Yoon-Nelson (Y-N) Model
Yoon-Nelson model (Yoon and Nelson 1984) , one of the simplest kinetic model is used to predict the exhaustion time and the behavior of adsorption process for a given adsorbate concentration. This model is based on the assumption that the rate of de-crease in the probability of adsorption for each adsorbate molecule is directly proportional to the probability of the adsorbate molecule adsorption and the adsorbate breakthrough on the adsorbent. This model necessitates no detailed data regarding physiochemical properties of adsorbate and adsorbent. The mathematical expression of the model is given in Eq. (18)
where, K Y Is the Yoon-Nelson rate constant (1/h), and τ (h) is the time required for 50% breakthrough point. In this study, in order to predict the breakthrough behavior of the fixed bed column, the nonlinear regression fitting of the experimental data to the Yoon-Nelson model as per Eq. (18) Table 4 advocated that Yoon-Nelson model fitted well to the experimental data of this study. As shown in Table 4 , the K Y values decreased, but τ increased with increasing bed depth. On the other hand, with increased in flow rate and influent phosphate concentration the values of 50% breakthrough time (τ) decreased but the value of K Y increased. Significant decrease in τ value with decreased bed height, increased inflow velocity and increased influent phosphate concentration is attributed to rapid saturation of fixed bed columns. Similar types of association between a decrease of τ and an increase of K Y with the increased in flow rate and influent adsorbate concentration were reported by earlier researchers (Yaghmaeian et al. 2014 , Chen et al. 2012 .
Analysis by Modified Dose Response (MDR) Model
Another simplified numerical model used to describe fixed bed column adsorption data is the Modified Dose Response model (Yan et al. 2001) Table 5 . It is evident from the figure as well as strikingly high R 2 (0.993-0.997) and low SSE (0.0004-0.0021), that the predicted breakthrough curves of the Modified Dose Response model exemplify an excellent concurrence with the experimental plots at all conditions experimented. It is clear from Table 5 , that the values of b increased with the increase in bed depth and flow rate as well. But it became smaller with the increase of influent phosphate concentration. Values were increased with an increase in influent phosphate concentration, but there was no particular trend observed in the case of increase in bed height and flow rate. Similar type of finding was also reported by Zhao et al. (2014) . 
Comparison of applied numerical models
The correlation coefficient (R 2 ) and Sum of the Square of the Errors (SSE) were used to establish the best fit model out of Thomas, Yoon-Nelson (Y-N) and Modified Dose Response (MDR) models. As per the data listed in Table 3 Figs. 2-4 , it can be clearly seen that fitted curves of MDR model were better close to the experimental curves than that of the curves of Thomas and Y-N model. The results depict that all the models exhibit very high correlation coefficient (> 0.98), means all the three models can suitably predict the fixed bed column adsorption process. The best fitting of the models to the experimental data will follow the order as: MDR > Thomas > Y-N. The comparison between R 2 and SSE values of the MDR and Thomas model of this study is in agreement with the findings of Yan et al. (2013) .
Desorption and reusability of adsorbent
After the fixed bed column got saturated, it was subjected to desorption in order to regenerate the adsorbent for subsequent reuse. In this study, the desorption process was carried out by passing 0.1M HCl through the saturated bed at a filtration velocity of 0.5 L/h for 2 h. Fig. 6 shows the results of the adsorption and desorption cycles, which were repeated up to 3 times. The phosphate adsorption and desorption in 1st cycle was found to be 94 and 87%. But after 3 rd cycle the corresponding values were reported to be 78.5 and 70.2% respectively. The results demonstrated that both the adsorption and desorption capacity of the adsorbent were maintained well above 80% of the original capacity in the 3 rd cycle, indicating the reusability potential of the adsorbent. The capacity loss by increasing the number of adsorption/desorption cycle is attributed to the occupancy of some of the active sites of the adsorbent by the non-desorbed phosphates and the destruction of the layered structure of the adsorbent. In spite of the high rate of desorption, the process is not encouraged in this study since: (i) GBP and RS are copiously available respectively, as waste and natural materials; (ii) desorption process incurred some cost as 0.1M HCl is being used for the same; and (iii) applicability of phosphate enriched GBP and RS mixture in agricultural fields for serving the purpose of phosphate availability to plants and enhanced hydraulic conductivity.
Conclusions
This mixture of GBP and RS is found to be a promising cost effective adsorbent for the removal of phosphate from aqueous solution. The experimental data revealed that an increase in bed height and initial phosphate concentration or a decrease of flow rate enhances the longevity of column performance by increasing both breakthrough time and exhaustion time thereby delaying bed saturation. Overall exhaustion time for the column in various experimental conditions were found to be quite high with a range of 72-139 h. The BDST model with a perfect linear plot (R 2 > 0.98) suitably predicts the breakthrough curve. With very high correlation coefficient (> 0.98) all the three nonlinear models, e.g., Thomas, Yoon-Nelson and Modified Dose Response were found to fit well to the column adsorption data. The best fitting of the models to the experimental data followed the order as: Modified Dose Response > Thomas > Yoon-Nelson. The results of this finding also reflected the concurrency with the theory that the use of Modified Dose Response model minimizes the error resulting from the use of the Thomas model. Exploring the adsorption/desorption capacity of the mixture of adsorbents revealed that, the capacity was not significantly reduced after 3 successive adsorption/desorption cycles. Therefore the adsorbent mixture is appropriate for a continuous system. Moreover the phosphate rich spent adsorbent can find its applicability in agricultural fields for serving the purpose of phosphate availability to plants and enhanced hydraulic conductivity. Therefore, we concluded that the results of the study support the use of a mixture of GBP and RS as potential adsorbents for phosphate removal from aqueous solution in continuous flow through systems.
